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1. FINAL PROGRESS REPORT

A Statement of the problem studied

This project initiated in 8/1/97 with the goal of experimentally realizing small quantum computers using nuclear
magnetic resonance (NMR) techniques. Our collaboration involved four groups with Stanford and IBM developing
algorithms and numerical models, U.C. Berkeley synthesizing molecules and implementing algorithms at their high
. magnetic field NMR facility, and MIT investigating scaling to 100’s of quantum bits and desktop size apparatuses.
Our three principle aims were to: (1) Make quantum information processing feasible to transcend the classical limits
in computation and communications, (2) Take advantage of the inherent computational capability of physical systems,
using natural materials to eliminate the need for billion-dollar fabs, and (3) Integrate the physics, chemistry, ele¢-

trical and mechanical engineering, computer science and mathematics needed to develop and deploy useful quantum
information technology. :

B Summary of the most important results

We have succeeded in demonstrating the feasibility of quantum computers by experimentally demonstrating numer-
ous quantum algorithms including quantum searching and order-finding. The experiments culminated in the world’s
first ever implementation of Shor’s factoring algorithm using seven quantum bits to factor the number 15. This work
is the most complex quantum computation performed to date, and won the DARPATech 2002 “Significant Technical
Achievement Award”,

We furthermore advanced theoretical studies in the field of quantum information by investigating how quantum
states could assist classical machines. Among other discoveries, we developed a clock synchronization algorithm which
could assist GPS systems to achieve better guidance and spatial locating ability. We also found that the creation of a
Quantum Software protocol could potentially play a role in constructing large-scale fault-tolerant quantum computers.

C Listing of’ all publications and technical reports supported under this grant or contract
Papers published in peer-reviewed journals:
N. Gershenfeld, and I. Chuang, Qﬁmtum Computing with Ms!ecules, Scientific American, June, (1998)

G. Brassard, I. Chuang, and C. Moazee, Quamtzmﬁ Computing, Proceedings of the National Academy of science,
95, p. 11032, (1998) ~

D. Lidar, L. Chuang, and K. Whaley Decoherence-free subspaces for quantum computation, Phys. Rev. Létt., 81,
no. 12, pp. 2594-2597, (1998)

E. Knill, I. Chuang, and R. Laflamme, Effective ?ﬂre states for bulk guantum computation, Phys. Rev. A, 57, no.
5, pp. 3348-3363, (1998)

L Chuang, L. Vandersypen, X. Zhou, D. Leung, and S. Lloyd, Ezperimental realization of o quantum aigariﬁ&m,‘
Nature, 393, no. 6681, pp. 143-146, (1998)

I Chuang, N. Gershenfeld, M. Kubinec, and D. Leung, Bulk quantum computation with nuclear-magnetic-resonance:
theory and experiment, Proc. R. Soc. London A, 454, no. 1969, pp. 447-467, (1998)

1. Chuang, N. Gershenfeld, and M. Kubinec, Ezperimental implementation of fast quantum searching, Phys. Rev.
Lett., 18, no. 15, pp. 3408-3411, (1998)

B. Terhal, I. Chuang, D. DiVincenzo, M. Grassl, and J.A. Smolin, Simulating quantum operations with mized
environments, Phys. Rev. A, 60, pp. 881, (1999)

D. Leung, L. Vandersypen, X. Zhou, M. Sherwood, C. Yannoni, M. Kubinee, and 1. Chuang, Ezperimental
realization of a two-bit phase damping quantum code, Phys. Rev. A, 60, pp. 1924, (1999)




2

D. Gottesman and I. Chuang, Quantum teleportation is a universal computational primitive, Nature, 402, pp.
350-392, (1999) *

L. Vandersypen, C. Yannoni, M. Sherwood, and I. Chuang, Realization of effective pure states far bulk quantum
computation, Phys. Rev. Lett., 83 pp. 3085-3088, (1999}

C. Yannani,‘ M. Shemeod; D. Miller, I Chuang, L. Vandersypen, M. Kubinec, Nuclear magnetic resonance
guantum computing using liquid crystal solvents, Applied Physics Letters, 75 {22), pp. 3563 — 3565, (1999)

Quantum Computation and Quantum Information, by Michael A. Nielsen and Isaac L. Chuang, Cambridge
University Press, (2000) '

X. Zhou, D. Leung, and 1. Chuang, Methodology for quantum logic gate construction, Phys. Rev. A, 62, pp.
1052316-1, (2000)

- D. Leung, F. Yamaguchi, Y. Yamamoto, ‘and 1. Chuang, Efficient implementation of selective recoupling in
heteronuclear spin systems using hadamard matrices, Phys. Rev. A, 61, pp. 042310, {2000)

1. Chuang and Dharmendra Modha, Reversible arithmetic coding for quantum data compression, IEEE Trans. Inf.
Theory, 46, no. 3, pp. 1104, (2000) .

1. Chuang, Quantum algorithm for clock synchronization, Phys. Rev. Lett., 85, pp. 2006, (2000)

L. Vandersypen, M. Steffen, M. Sherwood, C. Yannoni, and I. Chuang, Implementation of a three quantum-bit
search algorithm, Applied Physics Letters, 76, pp. 646-648, (2000) ‘

L. Vandersypen, M. Steffen, G. Breyta, C. S. Yannoni, R. Cleve, and I. Chuang, Ezperimental realization of an
order-finding algorithm with an nmr quantum computer, Phys. Rev. Lett., 85, pp. 5452-5455, (2000}

M. Steffen, L. Vandersypen, and 1. Chuang, Simulianeous soft pulses applied at nearby freguencies, Journal of
Magnetic Resonance, 146 pp. 369-374, (2000)

M. Mar}s;nsiéa, M. Kubinec, and I. Chuang, Demonstration of quantum logic gates in liquid crystal nuclear magnetic
resonance, Journal of Chemical Physics, 112, pp. 5095, (2000)

M. Steffen, L. Vandersypen, and I. Chuang, Towards quantum comptation: o five-qubit quantum processor, IEEE
Micro, 21, p.2024, (2001}

L. Vandersypen, C. Yannoni I. Chuang, Liquid state NMR quantum computing, Encyclopeida of Nuclear Magﬁetic
Resonance, (2001) ‘

A. Childs and I. Chuang, Universal guantum computation with fwo-level trapped ions, Phys. Rev. A, 83, pp.
012306, (2001)

A. Childs, I. Chuang, and D. Leung, Realization of quantum process tomography in NMR, Phys. Rev. A, 64, pp.
012314, (2001) '

D. Bacon, A. Childs, I. Chuang, J. Kempe, D. Leung, and X. Zhou, Universal simulation of Markovian gquanium
dynamics, Phys. Rev. A, 64 (8), no. 062302, (2001) ‘

A. Verhulst, O. Liivak, M. Sherwood, H. Vieth, and I. Chuang, Non-thermal nuclear magnetic resonance guantum
computing using hyperpolarized zenon, Applied Physics Letters, 79 (15), pp. 2480 — 2482, (2001)

L. Vandersypen, M. Steffen, G. Breyta, C. Yanuoni, M. Sherwood, . Chuang , Ezperimental realization of Shor’s
quantum factoring algorithm using nuclear magnetic resonance, Nature, 414, pp. 883 — 887, (2001)




3

D List of all participating scientific personnel showing any advanced degrees earned by then while employed

on the project

James S. Harris (Prof., Stanford)
Yoshi Yamamoto {Prof., Stanford)

Lieven Vandersypen (Ph.D. Student, Stanford & IBM, PhD awarded 2001) ‘

Xinlan Zhou (Ph.D. Student, Stanford & IBM)

Debbie W. Leung (Ph.D. Student, Stanford & IBM)

Anne Verhulst (Ph. D. Student, Stanford & IBM)

Matthias Steffen (Ph. D. Student, Stanford & IBM, Masters awarded 2000)
Isaac L. Chuang (Research Staff Member, IBM; Consulting Prof., Stanford)
Alex Pines (Prof., U.C. Berkeley)

Mark Kubinec (Staff Scientist, U.C. Berkeley)

Franca Castiglione (Post-Doc, U.C. Berkeley)

Maggie Marjanska (Ph.D. Student, U.C. Berkeley)

Bo Blanton (Ph. D. Student, U.C. Berkeley)

Neil Gershenfeld (Prof., MIT)

* Yael Maguire (Ph.D. Student, MIT)

Richard Fletcher (Ph.D. Student, MIT)
Richard Nelson (Ph.D. Student, MIT)

*




